The isotopomer-resolved vibrational and spin-orbit energy structures of Cl 2 + ͑X 2 ⌸ g ͒ have been studied by one-photon zero kinetic energy photoelectron spectroscopy. The spin-orbit energy splitting for the ground vibrational state is determined as 717.7± 1.5 cm −1 , which greatly improves on the accuracy of the previously reported data. This value is found to be in good agreement with the ab initio quantum chemical calculation taking account of the inner shell electron correlation. The first adiabatic ionization energy ͑IE͒ of Cl 2 is determined as 92 645.9± 1.0 cm −1 . Using the ion-pair formation imaging method to discriminate signals of Cl + ͑ 1 D 2 ͒ from those of Cl + ͑ 3 P j ͒, the threshold for ion-pair ͑E tipp ͒ production, Cl 
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I. INTRODUCTION
In comparison with the extensive studies of the neutral chlorine molecule, our present knowledge about the structure of its cation, Cl 2 + ͑X 2 ⌸ g ͒, is limited, and has been obtained mainly from two kinds of experimental studies. One is the photoelectron spectroscopy ͑PES͒ and threshold photoelectron spectroscopy ͑TPES͒. [1] [2] [3] [4] [5] [6] The other is the emission spectra of Cl 2 + : Ã 2 ⌸ u → X 2 ⌸ g . [7] [8] [9] The most recently reported TPES spectrum has a resolution around 13 meV or 100 cm −1 . 6 The spin-orbit splitting for Cl 2 + ͑X 2 ⌸ g ͒ was found to be very close to the vibrational energy spacing. [1] [2] [3] [4] [5] [6] Because of this, the fully spin-orbit resolved vibrational bands have not been obtained until now. The emission spectra have much higher resolution than the PES and TPES spectra. However, the spin-orbit energy splittings for Cl 2 + ͑X 2 ⌸ g ͒ have not been obtained from the emission studies since perpendicular transitions that involve the two different spinorbit components ͑⌬⍀ = ±1͒ have not been observed. In addition to this, the absolute vibrational numbering was difficult to obtain in the emission spectra. Huberman has assigned the vibrational quantum numbers of Cl 2 + ͑X 2 ⌸ g ͒ in the emission spectra based on observed isotopic shifts of the vibrational energy levels, 7 but Tuckett and Peyerimhoff argued that Huberman's vibrational numbering was not reliable since the isotopic shifts measured by Huberman were not accurate enough to distinguish the vibrational numbers. 8 Later studies by the PES spectra and higher resolution emission spectra preferred Huberman's assignment; however, there has been no unambiguous experimental evidence as yet. 4, 8, 9 Therefore, a more accurate study is necessary to determine the spin-orbit energy splitting and resolve the controversies in the assignment of the vibrational spectra. One-photon zero kinetic energy ͑ZEKE͒ photoelectron spectroscopy, which has a resolution better than 1 cm −1 , is a good tool to study these questions. [10] [11] [12] [13] The ZEKE method can also provide an ionization energy ͑IE͒ as accurate as ±2 cm −1 for Cl 2 , which is about one order of magnitude more accurate than the IE measured previously by PE and TPES methods. [1] [2] [3] [4] [5] [6] In this paper, we present a vibrationally resolved study of Cl 2 + ͑X 2 ⌸ g ͒ using the ZEKE spectroscopic method and extreme ultraviolet ͑XUV͒ coherent radiation. From the analysis of the ZEKE spectrum, we obtained the spin-orbit resolved vibrational structure for Cl 2 + ͑X 2 ⌸ g ͒ and an accurate IE value for Cl 2 .
In addition, the bond dissociation energy of Cl 2 ͑D 0 ͑Cl 2 ͒͒ is an important quantity for its thermochemistry. The presently often used D 0 ͑Cl 2 ͒ derived from a method similar to extrapolation is 19 997.2± 0.3 cm −1 . 14,15 The extrapolation was done by combining a model for the long range potential of diatomic molecule and the vibrational energy levels measured experimentally ͑ = 9 to 42, 49, 52, and 55͒ for Cl 2 . 15, 16 A direct measurement of D 0 ͑Cl 2 ͒ was also reported by measuring the kinetic energy release of the photofragments in the photodissociation of Cl 2 . 17 However, its uncertainty was about ±0.02 eV or 160 cm −1 , which is much larger than that from the extrapolation method. Recently, we have reported a direct measurement for the bond dissociation energy of F 2 . 13 This measurement was done by measuring the threshold for ion-pair production ͑E tipp ͒ via ion imaging method. By combining the E tipp and the known IE and electron affinity ͑EA͒ of F atom, D 0 ͑F 2 ͒ was determined with an accuracy of 1 meV or 8 cm −1 . In that paper, the E tipp was obtained by measuring the kinetic energy release of photofragments at the photon energies around E tipp .
For Cl 2 , the following ion-pair production process is possible:
In this paper, we report our experiments to measure the E tipp for the production of Cl + ͑ 1 D 2 ͒ using the velocity map imaging method. 19 Instead of measuring the kinetic energy release of photofragments, we measure the efficiency of producing Cl + ͑ 1 D 2 ͒ fragments with very low kinetic energies by integrating the signals only in the center of the imaging. We call this threshold ion-pair kinetic energy ͑TIPKE͒ spectrum.
Combining the E tipp determined by TIPKE, the known IE and EA of the Cl atom, and also IE of the Cl 2 determined in this work, we have determined the bond dissociation energies of Cl 2 and Cl 2 + .
II. EXPERIMENT
The details of our XUV/Vacuum ultraviolet ͑VUV͒ photoelectron and photoion spectrometer have been described previously, so only a brief summary is given here. 12, 13, 20, 21 For ZEKE experiments, coherent XUV radiation was generated using the resonance enhanced four-wave sum mixing ͑2 1 + 2 ͒ in a pulsed Xe jet. A Nd:YAG ͑yttrium aluminum garnet͒ ͑20 Hz͒ pumped two dye laser system was used in the experiments. One beam produced by doubling the dye laser frequency was fixed to match the two-photon resonance ͑2 1 ͒ frequency of the Xe 5p 5 ͑ 2 P 3/2 ͒6p͓1/2͔ 0 ← ͑5p 6 ͒ 1 S 0 transition at 80 19.0 cm −1 . The wavelength of the other dye laser beam ͑ 2 ͒ was tuned from 810 to 610 nm, in which the range of 810-750 nm was obtained by Raman shifting the dye laser output from 606 to 572 nm using a H 2 Raman cell.
The apparatus consists of four vacuum chambers: ͑A͒ frequency mixing chamber, which houses a pulsed Xe ͑Kr͒ jet ͑diameter= 1 mm͒; ͑B͒ monochromator chamber, which houses a gold coated toroidal grating; ͑C͒ ionization chamber, which is equipped with time-of-flight tubes for ions ͑110 cm͒ and electrons ͑26 cm͒; in this chamber, a MCP ͑microchannel plate͒ detector was installed to monitor the XUV intensities; and ͑D͒ molecular beam source chamber, which houses a pulsed valve ͑orifice diameter= 0.7 mm͒ to produce a pulse molecular beam. The beam enters the ionization chamber through a skimmer ͑orifice diameter =1 mm͒.
The electron signals from the pulsed field ionization and the XUV radiation signals were fed into two identical boxcars ͑SR 250, Stanford Research Systems͒ and transferred to a personal computer. The electric pulses to synchronize the two pulse valves and the Nd:YAG laser were provided by a digital delay generator ͑DG 535, Stanford Research Systems͒. The pulsed voltages to ionize the Rydberg molecules were provided by another DG 535 with high voltage option ͑±32 V output͒, and the actual ionization electric field used was about 0.75 V / cm with a typical delay of 3 s relative to the XUV laser pulse. The resolution of our ZEKE spectrum in this configuration was better than 1 cm −1 . 13 The effects of the applied electric field in decreasing the threshold of ionization energies have been corrected for all reported spectra in the following discussions.
For imaging experiments on the ion-pair formation, the XUV radiation was generated using resonance enhanced sum mixing ͑2 1 + 2 ͒ in a Kr jet. One of the laser beam ͑ 1 ͒ from the tripling of the dye laser was fixed to match the two-photon resonance line of Kr, 4p 5 ͑ 2 P 3/2 ͒5p͓1/2͔ 0 ← ͑4p 6 ͒ 1 S 0 ͑94 092.9 cm −1 ͒. The other dye laser was tuned from 767 to 771 nm. The imaging plane is perpendicular to the molecular beam, and the distance from it to the XUV laser beam and molecular beam interaction point is 110 cm. The imaging quality dual MCP ͑North Night Vision, Nanjing Branch͒ has an effective size of 46 mm and a channel pitch of 15 m. The phosphor screen was coated with P43.
To obtain the field-free velocity map imagings, two electric pulses ͑PVM-4140, DEI͒ with a delay of ϳ400 ns relative to the XUV pulse were used to extract the Cl − , and the relative voltages of the two pulses satisfied the requirements of the velocity map conditions. 19 Mass gate was not used to select Cl − since no other negative ion signals were found in our experiments. However, some electron signals did present from ionization of Cl 2 . These signals had been eliminated by adding a magnetic field outside the time-of-flight tube, which did not change the image of Cl − . The ion images were captured by a deep cooled charge-coupled device camera with a resolution of 1024ϫ 1024 pixel 2 ͑Andor DU-434͒. The gas sample was a mixture of He or Kr with Cl 2 ͑He or Kr 95%, Cl 2 5%͒, and the stagnation pressure was about 1000 Torr at room temperature. In the experiments, the pressures for the beam source and ionization chamber were around 2 ϫ 10 −5 and 2 ϫ 10 −7 Torr, respectively. The rotational temperature of the supersonic cooled Cl 2 beam is less than 10 K. The frequencies of the dye lasers were calibrated using He/ Ne and He/ Ar optogalvanic lamps.
III. THEORETICAL CALCULATIONS
In order to have a better understanding of the experimental data, we have calculated the spin-orbit energy splitting, vibrational constants of Cl 2 + ͑X 2 ⌸ g ͒, and also the bond dissociation energies of Cl 2 ͑X 1 ⌺ g + ͒ and Cl 2 + ͑X 2 ⌸ g ͒ using the MOL-PRO 2006.1 quantum chemistry software package. 22 All our calculations employed the uncontracted aug-cc-pV5Z basis sets ͑AV5Z͒, and the angular momentum function types in the basis functions are restricted to the f functions. The calculations used the D 2h instead of the D ϱh symmetry group for the sake of technical simplicity. 22 In the MOLPRO package, the spin-orbit energy splitting is calculated by a perturbation method using the unperturbed zero-order wave function, which is from the multireference internally contracted configuration interaction ͑MRCI͒ wave function. The perturbation operator is the full Breit-Pauli spin-orbit operator. 23 We calculated the reference functions for MRCI by complete active space self-consistent field ͑CASSCF͒ method. To reproduce the experimental results for the spin-orbit energy splitting, we found that the inner-shell electron correlation ͑2s2p͒ of Cl atom should be taken into account, or 2 core orbitals, 16 active orbitals, and 208 external orbitals were used in the calculation.
To obtain the vibrational constants, we have calculated the potential energy curve ͑PEC͒ of Cl 2 + ͑X 2 ⌸ g ͒ using the spin unrestricted open-shell coupled cluster theory with triple corrections ͑UCCSD-T͒ as defined by Deegan and Knowles. 24 The internuclear distance for the PES ranges 2.0-7.6a 0 . The vibrational energy levels were then calculated by solving the one-dimensional Schrödinger equation using the so-called Fourier grid Hamitonian method. 25 For all the calculated points in the PEC, ͗S 2 ͘Ϸ0.753. It is found that the energy calculation was not converged for internuclear distance longer than 7.6a 0 . Fortunately, the energy at 7.6a 0 ͑−918.9032 hartree͒ is different from that of the dissociation limit, Cl͑ 2 P u ͒ +Cl + ͑ 3 P g ͒ ͑−918.9046 hartree͒, only by about 0.04 eV. It is thus expected that the calculated vibrational energy levels will be not affected much by this defect.
The 
IV. RESULTS AND DISCUSSION
A. The first adiabatic ionization energy "IE… of Cl 2 The upper curve in Fig. 1 shows the first vibrational band of the ZEKE spectrum for the transition
. Although the spectrum is not rotationally resolved due to the small rotational constants of Cl 2 , we can label the rotational branches ͑⌬J = J + − JЉ͒ in the figure. To determine the IE accurately from a ZEKE spectrum that is not rotationally resolved, the band origin should be located. This usually requires simulation of the band profile using the rotational line strengths for ZEKE spectrum. Here we use a semiempirical method to fit the measured band just for obtaining the accurate IE as we have done previously. 
where r͑⌬J͒ are scaling factors for different rotational branches, which are adjusted to give the best fit of the experimental spectrum, k is Boltzmann's constant, and T rot is the rotational temperature of the molecular beam. The lower curve in Fig. 1 is a semiempirical fitting with parameters listed in Table I . The IE͑Cl 2 ͒ is thus accurately determined as 92 645.9± 1.0 cm −1 ͑11.4866± 0.0002 eV͒. The IE͑Cl 2 ͒ has also been measured previously by various experimental methods, and Table II lists some of the reported data along with our data. It is seen that the accuracy of our data improves on previous values by more than one order of magnitude.
Peyerimhoff and Buenker have calculated IE͑Cl 2 ͒ by means of the multireference single-and double-excitation configuration interaction ͑MRDCI͒ method with full CI estimation. 27 Their calculation result was 11.44 eV, which is in very good agreement with our experimental data. Our calculated result at the level of UCCSD-T/AV5Z is 11.415 eV, 
. The upper curve is the experimental data, and the lower curve is the semiempirical simulation, which aims to determine the band origin or IE. The rotational branches are labeled by ⌬J = J + − JЉ. On the x axis at the top are the XUV photon energies relative to IE͑Cl 2 ͒, and on the x axis at the bottom are the XUV photon energies. The parameters used in the fitting are shown in Table I . Table III .
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which is also listed in Table I . To see the accuracy of this method, we also calculated the ionization energy of Cl͑ 2 P u ͒ at this level ͑spin-orbit coupling was not accounted͒, which is 12.783 eV, in comparison with the experimental value of 12.97 eV. 6 while the relative intensities in the same vibrational bands are normalized to the XUV radiation intensities in our experiments. It is seen from Fig. 2 that after the first vibrational band there are two closely spaced vibrational bands. It is due to the fact that the vibrational energy spacing is similar to the spin-orbit energy splitting. The previously measured PES and TPES spectra could not resolve the adjacent bands fully. [1] [2] [3] [4] [5] [6] The assignments for the spin-orbit resolved vibrational bands are also shown in Fig. 2 . It is seen from Fig. 2 that with increasing vibrational quantum number the bands become broader. This is due to the isotopic shifts of Cl 2 . To see this more clearly, Fig. 3 shows an expansion of Fig. 2 . Panels ͑a͒ and ͑b͒ of Fig. 3 are for 2 ⌸ 3/2 and 2 ⌸ 1/2 , respectively. The isotopic shift effect will be discussed in the next section. , and spin-orbit energy splittings, ⌬E so ͑͒, can be calculated easily, and they are also listed in Table III. For + = 0, the spin-orbit energy splitting is 717.7± 1.5 cm −1 . The most recently reported data of spinorbit energy splitting from TPES were 766 cm −1 , which was based on the spectrum with no spin-orbit resolved structure. 6 Therefore, the accuracy for the spin-orbit energy splitting of Cl 2 + ͑X 2 ⌸ g ͒ has been improved greatly in the this work. This improvement should benefit the calculation of effective rotational constants for Cl 2 + ͑X 2 ⌸ g ͒. 9 The accurate IE and spinorbit energy splitting obtained in this paper are also critical for the correct assignment of Rydberg states of Cl 2 . 29 Using the band origins listed in Table III The spectroscopic constants obtained are listed in Table IV . Previously reported results from the emission spectra and the TPES spectra are also listed in Table IV . The reported spectroscopic constants from the emission spectra were determined from the R band heads of the vibational bands, and those from TPES spectra are from the vibrational band contour centers. 6, 7 To obtain further understanding of the experimental data, we have calculated the spectroscopic constants using quantum chemical ab initio methods as introduced in Sec. III. The spin-orbit energy splitting was calculated at the level CASSCF/MRCI/AV5Z. The PEC for calculating the vibrational constants, e + and e + e + , was obtained at the level of UCCSD-T/AV5Z. Table IV lists the calculation results.
To reproduce the experimentally measured spin-orbit splitting, we found that the inner-shell electron correlation of Cl͑2s2p͒ should be taken into account. This inner-shell correlation effect has been found also in other molecules with third row elements. 23 The calculation results are listed in Table IV . It is seen that the calculated spin-orbit energy splitting, 708 cm −1 , is in good agreement with the experimental data, 717.7± 1.5 cm −1 . The bond length used in the spin-orbit calculation is 3.609a 0 , which is the equilibrium geometry structure optimized at the same level with the spin-orbit calculation.
From Table IV , it is seen that the spectroscopic constants e + and e + e + derived from the band origins of our ZEKE The numbers in the parentheses are the uncertainties of the last digits. spectrum are in good agreement with those from the emission spectra. 7 Unlike the emission spectra, the vibrational numbering in the ZEKE spectrum can be assigned ambiguously. This demonstrates that the previous vibrational number assignments by Huberman is correct, which was based on the isotopic shifts of vibrational energy levels in the emission spectra of Fig. 3 . The assignments of the vibrational bands due to different isotopomers are also shown in Fig. 3 , and the numerical results from the spectrum are listed in Table V . The assignments have been done with the guidance of theoretical predictions.
Two methods have been used to calculate the isotopic shifts. The first is the ab initio method. The PECs for different isotopomers should be the same in the BornOppenheimer approximation. The vibrational energy levels for different isotopomers can be calculated by taking account of their different reduced masses. The calculated isotopic shifts using the PEC obtained at the level of UCCSD-T/ AV5Z ͑see Sec. III͒ are listed in Table V .
The second method is more frequently used and also Using the known e Љ ͑564.9 cm −1 ͒ and e + determined in this work, the isotopic shifts for vibrational band ͑ + ,0͒ can be evaluated, and the results are listed in Table V. As can be seen, the experimental measured isotopic shifts are in good agreement with the theoretical and model predictions. 19 we can determine the kinetic energy of the fragments and hence discriminate signals of Cl + ͑ 1 D 2 ͒ from those of Cl + ͑ 3 P j ͒. Figure 4 shows the velocity map imaging of 35 Cl − from the ion-pair production of Cl 2 under field-free condition at 107 115.2 cm −1 . The polarization of the XUV laser is indicated in Fig. 4 . The image has a large outer ring with very weak signal intensities, which corresponds to the production of Cl + ͑ 3 P j ͒ fragments, and a small ring in the center with strong signal intensities, which corresponds to the production of Cl + ͑ 1 D 2 ͒. In other words, it means that the ion-pair formation has two channels corresponding to production of Cl + ͑ 3 P j ͒ and Cl + ͑ 1 D 2 ͒, respectively. In Fig. 4 , the image on the right side shows the enlarged image section inside the square of the left side. It is noted that the black-and-white contrast in the left image is saturated in order to show more clearly the weak Cl − ͑ 3 P j ͒ components.
D. Threshold for ion-pair production
From Fig. 4 , it is easily seen that the dissociation is a so-called parallel transition at this photon energy for production of both Cl + ͑ 3 P j ͒ and Cl + ͑ 1 D 2 ͒, and the ion-pair formation should occur via the transition to a state with ⌺ u + symmetry in the Franck-Condon region. However, in this paper, we will focus on the energetics of the dissociation and not discuss the details of dynamics.
To determine the threshold for production of Cl ͑the circle in the enlarged image in Fig. 4 shows the fragments with kinetic energy of 40 cm −1 ͒, which correspond to the production of Cl
The result is shown in Fig. 5 . Because of the very low signals, the curve in Fig. 5 is not isotopomer resolved. We call this a threshold ion-pair kinetic energy spectrum ͑TIPKE͒. The signals in the TIPKE rise from the base line to its maximum value in only 10 cm −1 , which represent the threshold for ion-pair production. The signals in the spectrum also decrease after 20 cm −1 at the top, which arise from the kinetic translational energy of the fragment atoms in the integration area. The sharp rising structure is very different from the broad structure of the ion-pair production efficiency spectrum in the threshold region of Cl + ͑ 1 D 2 ͒ and also Cl + ͑ 3 P j ͒ reported by Berkowitz et al. 18 The reason for this is due to the very low temperature of our molecular beam ͑6 K͒, the high resolution of our XUV laser ͑0.15 cm −1 ͒, and also the discrimination of signals using imaging. This allows us to determine the threshold for producing Cl + ͑ 1 D͒ fragments, E tipp ͓Cl + ͑ 1 D 2 ͔͒, as 107 096 −2 +8 cm −1 , which is also shown in Fig. 5 . The upper uncertainties were mainly from a small residence static electric field, which may be present due to the large extraction electric field ͑ϳ200 V / cm͒ in our experiments, although this field was applied 400 ns after the XUV laser pulse.
Having determined E tipp ͓Cl + ͑ 1 D 2 ͔͒, the bond dissociation energy of Cl 2 ͑X 1 ⌺ g + ͒ can be determined using the following formula:
where 
The extraction electric field for Cl − fragments was applied about 400 ns after the XUV laser pulse. The XUV photon energy is 107 115. mentally ͑ = 9 to 42, 49, 52, and 55͒ for Cl 2 .
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The bond dissociation energy for D 0 ͑Cl 2 + ͒ can be calculated according to 
V. SUMMARY
The one-photon ZEKE spectrum of Cl 2 has been recorded using coherent XUV light. The isotopomer-resolved vibrational energy levels and spin-orbit energy splittings for Cl 2 + ͑X 2 ⌸ g ͒ have been determined. The first adiabatic ionization energy ͑IE͒ of Cl 2 is determined as 92 645.9± 1.0 cm −1 . The spin-orbit energy splitting for the ground vibrational state is determined as 717.5± 1.5 cm −1 . These data are found to be in good agreement with the ab initio quantum chemistry calculations taking account of the inner-shell electron correlation.
The vibrational constants determined in this work provided concrete experimental evidence that the previous vibrational numbering assignment of emission spectra by Huberman is correct. 7 Using the ion-pair formation imaging method to discriminate signals of Cl + ͑ 1 D 2 ͒ from those of Cl + ͑ 3 P j ͒, the threshold for ion-pair ͑E tipp ͒ production: 
